Radio-Frequency Single-Electron Refrigerator
Jukka P. Pekola We propose a cyclic refrigeration principle based on mesoscopic electron transport. Synchronous sequential tunneling of electrons in a Coulomb-blockaded device, a normal metal-superconductor singleelectron box, results in a cooling power of k B T f at temperature T over a wide range of cycle frequencies f. Electrostatic work, done by the gate voltage source, removes heat from the Coulomb island with an efficiency of k B T=, where is the superconducting gap parameter. The performance is not affected significantly by nonidealities, for instance by offset charges. We propose ways of characterizing the system and of its practical implementation. Cyclic conversion of heat into mechanical work, or conversely, work into extracted heat, demonstrates basic concepts of thermodynamics. The latter forms the basis of refrigeration (see, e.g., [1] ). Whereas cryogenic refrigeration dates back to the 19th century [1, 2] , electronic microrefrigeration has existed only for a little longer than a decade [3] . Successful solid-state refrigeration schemes operating at cryogenic temperatures, typically in the subKelvin regime, rely most commonly on normal metalinsulator-superconductor (NIS) tunnel junctions [3, 4] . They have allowed substantial electron [5, 6] as well as phonon [7, 8] temperature reduction. Quasiparticle refrigeration occurs thanks to the superconducting energy gap which allows only the most energetic electrons to escape in a tunneling process, thus effectively cooling the N region. Until now no electronic cyclic refrigerators have, to the best of our knowledge, been demonstrated. Yet there exists a proposal to use a mesoscopic semiconductor ratchet as a Brownian heat engine for electrons [9] , and very recently a non-adiabatic electron heat pump in an asymmetric resonant structure was described [10] . In this Letter we show that a simple mesoscopic hybrid nanostructure in the Coulomb blockade regime exhibits significant cooling power when work is done on it by a radio-frequency gate, even in the absence of dc bias. The presented concept bears resemblance to that of a single-electron pump, where an electron is transported synchronously at an operation frequency f through a device producing average electric current of magnitude ef [11] [12] [13] . In the present system, heat at temperature T is transported similarly due to cyclic gate operation in the Coulomb blockade regime with average ''current'' of order k B Tf.
As a basic but representative example we study a singleelectron box (SEB) with a normal metal island and a superconducting lead [see Fig. 1(a) ], a system whose electrical properties are determined by single-electron charging effects [14] . In practice it can be easily realized with present-day fabrication technologies. In SEB, a tunnel junction of capacitance C and resistance R T connects the island to the lead. A source providing voltage V g is furthermore capacitively coupled to the island through a capacitance C g . The charging energy of the device can be written as E ch n; n g E C n n g 2 . Here, E C e 2 =2C is the unit of charging energy, n is the number of extra electrons on the island, and n g C g V g =e is the amount of charge in units of e induced by the gate on the island. The total capacitance of the island is C C C g C 0 , where C 0 is the self-capacitance of the N region. First we study charge and energy transport in the device, which allows us to obtain the main result of this Letter, i.e., heat extraction in a cyclic operation of the gate voltage. In the following this system will be referred to as a singleelectron refrigerator (SER). We identify two stochastic events, tunneling into the island from the lead, which we associate with a '''' index, and tunneling out from the island to the lead (''ÿ'' index). The respective changes in charging energy read E ch = 2 C n n g 1=2:
Here, is the energy gap parameter of the superconductor, and C E C =.
Within the theory of sequential single-electron tunneling [15] , assuming that the tunneling electron does not exchange energy with the environment [14] , the two rates of electron transport can be written as
Here, the normalized BCS density of states at energy E readsñ S = 2 ÿ 1 p . To take into account nonidealities in realistic superconductors [16] , we useñ S jRe i= i 2 ÿ 1 p j instead, where the typical value of the smearing parameter is in the range 1 10 ÿ5 . . . 1 10 ÿ3 for aluminum as a thin-film superconductor [5] . Furthermore,f SN is the energy distribution function in SN. With the assumption of quasiequilibrium, as will be explained later in the text, it is given by FermiDirac distribution at temperature T S T. The corresponding heat fluxes associated with the two tunneling processes are given by
where the first one is the energy deposition rate by incoming electrons, and the second one is the energy extraction rate by leaving electrons. We start by an approximate calculation which yields illustrative yet nearly quantitative results. At low temperatures T, T S =k B , and in the domain
With the same approximations, we get from Eqs. (3)
for the average energy per event of a tunneling electron with respect to the Fermi energy hQ i _ Q =ÿ . We expect the exponent in Eq. (4) to assume values in the range 1 . . .10 at that point in the cycle where tunneling is most likely to occur. This is because the prefactor in front of the exponential term, the ''attempt frequency,'' is typically a few orders of magnitude higher than the operation frequency of the device [17] . The tunneling electron is then expected to have energy Q k B T. This states that the '''' process brings a negative amount of energy into the island, whereas the ''ÿ'' process removes a positive energy from the island; i.e., all the events tend to extract hot excitations from the N island, which results in refrigeration of it. The expectation value of energy carried out from the island in a full cycle is then Q n t Q ÿ ÿ Q , where n t is the number of tunneling events in both directions within a full cycle. We then have Q rk B T, where r is of the order of n t . By repeating cycles at frequency f one obtains an average cooling power _ Q rk B Tf.
To go beyond these approximate results, we employ either deterministic, master equation-based computations, or stochastic simulations of charge and energy dynamics. In the first method, we follow the probabilities p n t of observing charge number n on the island at time instant t. Equations (2) 
With a reasonable initial condition, e.g., p n 0 n0 , p n t converges to an approximate periodic equilibrium during the first few cycles. The total cooling power _ Q is then obtained by averaging P over one cycle.
In the stochastic method, we employ a Monte Carlo simulation of the tunnel events to generate a sample trajectory in n space. We evaluate the integrands in Eqs. (2) over a small energy interval . Multiplied by a small time step t, these yield the probability of observing a '''' event adding energy ÿ or a ''ÿ'' event removing energy ÿ during t. The total cooling power can be obtained by averaging over a trajectory long enough to suppress the stochastic variation to a negligible level.
As an example, we consider a cycle where the gate voltage varies periodically such that n g 2 sin!t, see Fig. 1(d) . As presented in Fig. 1(b) , n then tends to follow the sequence 1 ! 0 ! ÿ1 ! 0 ! 1. The thick vertical lines indicate the stochastic uncertainty of the tunnel events along the gate excursion. In Figs. 1(c) and 1(d) we show, respectively, the tunnel events on an energy diagram PRL
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037201-2 during the example cycle demonstrating the cooling feature of the device, and the corresponding charging energy along the cycle. Figure 2 shows numerical results over 15 cycles, of charges on the island and heat extracted from it. In the stochastic simulation the ideal cycle of n: 1 ! 0 ! ÿ1 ! 0 ! 1 is repeated almost regularly over these cycles, although the system visits once the n ÿ2 state and the exact time instants of tunneling jitter around their mean values. The deterministic calculation yields also the expectation value of charge on the island at each value of gate (inset). The efficiency of the refrigerator, defined as the ratio of heat extracted and work done by the source, is ' 4:0k B T= in this particular case. This exceeds by more than a factor of 3 the corresponding figure of a static NIS refrigerator, ' 1:2k B T= [3] . This difference stems from yet another favorable energy filtering in SER: due to Coulomb blockade, only one electron tunnels in each phase of the cycle, and it extracts maximal amount of heat from N.
Further insight into the performance of SER can be gained by inspecting the frequency dependence of _ Q, shown in Fig. 3(a) for different values of R T . _ Q is a nonmonotonic function of f, decreasing both at low and high values of f. Increasing the junction transparency leads to an enhancement of the maximum heat current and to widening of the window of operational frequencies. This can be easily understood in terms of reduced discharging time through the junction. For R T 30 k (5 k), _ Q is maximized around f ' 150 MHz (1 GHz), where it obtains values of 1 fW (6 fW) for Al. As will be shown below, such values will lead to substantial electronic temperature reduction in the N island.
Whether a single-electron device is usable in practice depends on its immunity to fluctuating background charges (Q 0 ). Their influence can be studied numerically by adding an offset n 0 Q 0 =e to n g . The results are displayed in Fig. 3(b) , which indicates heat extracted per cycle vs n 0 for three values of gate amplitude. Clearly n 0 has some effect on the cooling power of SER, but these small variations can be compensated for by adjusting either the amplitude or the dc bias of the gate, if necessary. Furthermore, in practice it may be advantageous to suppress the influence of n 0 by employing larger gate amplitudes at lower f. This is because cooling power is approximately proportional to the product of the two, but the relative uncertainty in the number of tunneling electrons in a cycle with larger gate amplitude is smaller.
To test the performance of the SER in a realistic context, we need to take into account the mechanisms that drive power into the N island. We expect the system to be in the quasiequilibrium limit [3] , where strong inelastic electronelectron interaction forces the quasiparticle distribution toward a thermal one at a temperature T which can differ from that of the lattice (T bath ). The inelastic electronelectron relaxation rate is of the order of ÿ1
e-e 10 9 . . . 10 10 s ÿ1 in ultrapure metallic samples and faster otherwise [18] . In static NIS refrigerators it has turned out to be very hard to drive the distribution function out from quasiequilibrium [4 -6] , which happens if the injection rate of electrons exceeds ÿ1 e-e significantly. Compared to static coolers, we envision to employ similar N islands, and the typical electron injection rates are at least an order of magnitude lower here. Thus we indeed believe that quasiequilibrium is a good assumption for SER, but if not, a similar analysis as in [5] can be employed to assess the performance in nonequilibrium. The main heat load on electrons comes from phonon scattering with energy exchange according to _ Q e-bath T; T bath V T 5 ÿ T 5 bath [19] , where is the electron-phonon coupling constant and V is the island volume. Heat input by other relaxation mechanisms, in particular, radiative electron-photon heat load, can be ignored in this case because of poor matching [20, 21] .
To cool the island, frequency f has to be high enough to ensure sufficient cooling power. Just to get an idea one should thus compare f to the inelastic electron-phonon relaxation rate ÿ1 e-ph . The latter one has been measured to be ÿ1 e-ph < 10 5 Hz at T & 200 mK for a similar copper island [22] . In Fig. 4(a) we plot the steady state temperature of an N island of a typical size, obtained as a solution of the balance equation _ QT _ Q e-bath T; T bath 0, where _ QT is the cooling power of SER at temperature T. We here assume T S to be equal to T bath , but this assumption is not important as long as T S & 0:3T C as in a static cooler [3] . The results demonstrate significant temperature reduction over a broad range of frequencies. In practice T can be probed, e.g., by an additional NIS junction, measuring the tiny quasiparticle current averaged over radiofrequency gate modulation. A thermometer based on supercurrent in a Coulomb-blockaded SINIS (two NIS junctions) is another possibility [23] . The performance of a SER can be tested also by detecting the drop of lattice temperature in a membrane configuration, as has been done with static refrigerators in [7, 8] .
The concept presented here can readily be generalized to more complex structures with further enhanced performance. For example, a three terminal device, in form of a SINIS single-electron transistor, can be controlled additionally by applying a drain-to-source voltage across. Coulomb blockade suppresses the cooling power of a statically biased SINIS refrigerator [24] , but adding radio-frequency gating can enhance the cooling power even above that of the SER presented here. Finally, we analyzed here quantitatively only sinusoidal cycles of n g in the basic SER. Alternative architectures and cycles may lead to better control between _ Q and k B Tf, and the device might then yield a ''quantized'' and synchronized heat current in analogy to electrical current in metrological devices.
We 
